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1. INTRODUCTION

One of the major  problems in naintaining large-scale software is the
d i f f i c u l t y  of und erstanding the dynami c behavior of the software system. In
order to gain a good understanding of the dynamic behavior, it is necessary
to have effective dynamic monitoring techniques which are applicable to
large-scale software . One approach is to build self-metric software in which
the software system has built into itself the mechanisms for measuring its
own behavior. However , the large quantity of data collected must be ana-
lyzed . The software can also have these analysis mechanisms built into it
giving the software system the capability of measuring and evaluating its
own behavior. Whe n this evaluation is used to determine whether the soft-
ware is behaving properly, the software is called self-checking software.

A software system can be characterized as a collection of inter-related
assumptions and decisions among modules. Each module makes assumptions
about its operating environment. Based on these assumptions the module
designer makes a number of decisions about the properties of the module.
These decisions completely characterize the external behavior of the module.
They become the properties expected of the module by other modules that
interact with it. Thus, a module uses a collection of assumptions and makes
one or more decisions which are in turn used as assumptions by other modules
throughout the system.

During software modification, new errors are frequently introduced into
the system in the following way. A modification is made to program module
X which changes the definition of a decision D made in that module . Think-
ing that he has made a complete and successful modification , the programmer
begins testing the new version. If everything seems to function correctly,
the new version is considered correct and put into production usage. How-
ever , the problem arises because some module Y contains code which uses
decision D as an assumption. D has been changed and module Y may no longer
function properly. If the system is large and the modification relatively
small , the testing was probably not very extensive with respect ~o complete
testing. The necessary conditions for failure might not have been generated,
or the malfunction might have been so subtle that it went undetected at
the time it occurred . In either case , the new version of the software system
comi-ains errors due to the software modification.

The maintenance programmer works under a serious handicap. He must
work without much knowledge of the execution behavior characteristics of the
various control and data variables that comprise the software system. When
looking at a particular block of code , it is difficult to determine what
assumptions are used and what decisions are made and passed on to other parts
of the system. If a decision is to be changed , it is difficult to identify
all the other blocks of code where that decision is used as an assumption.

Significant progress is currently being made in research aimed at being
able to trace all the possible decision/assumption paths eminating from any
given block of code. However, there is a need for a practical tool to help
ease the burden on the maintenance programmer. Dynamic monitoring tech-
niques based on the use of assertions can provide that valuable tool. Well
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formulated assertions will serve as explicit statements of many of the execu-
tion behavior characteristics relevant to each block of code in the system.
Assertions will also detect assumption violations introduced during incorrect
modifications to the software system.

The use of assertions was first introduced by Satterthwaite ¶l~~, who
used the assertions to check the truth of logical expressions in a program .
If an evaluation was false , the program was forced to abnormally termina te
and a post-mortem analysis was initiated . Stucki E3J has presented a more
sophisticated dynamic monitoring scheme which has been added to PET (Program
Evaluation and Tester) t2]. Along with the assertions on logical expressions
used by Satterthwaite , Stucki included assertions on legal and illegal values
and ranges of variables. These techniques were still designed primaril y for

• use ott simple variables. Stucki [4~ later described extensions to this lan-
guage that makes it usable with simple array structures. But , even these ex-
tensions have several serious shortcomings with respect to monitoring array
imp lementations of linear list data structures. The most serious problem is
that the programmer can only specify the range for the index variable , but
not the exact sequence of values the in dex  should take. Even t~ is range spe-
cification cannot be used to its full potentiai since it is a static decini-
tion and does no t represen t the true dynamic behavior of the data structure.
Final ly ,  if several assertions are to be made on the same array, the index
specifi ca tions must lab or iously be included with each assertion statement .
Recently, Chow [5] has presented a method for using past as well as present
program status in the assertions of logical expressions . While the ideas
presented are interesting, they are not dealing with the monitoring of array
structures .

In this report we will discuss dynamic monitoring wi th assertions and
how it can be of benefit in the software maintenance process . We will also
discuss the use of an assertion language compared to other possible alter-
natives. We will then present an advancement to the current assertion sped-
fication techniques that enables dynamic monitoring of most array- implemented
linear list data structures. The main feature of our new techniques is the
ability to construct a loop around a group of simple assertions . With this
loop cons truc t, the programmer can explicitly define the record travers;~
scheme for a linear list data structure implemented with either sequential
or linked-list record allocation. Wi thin the assertion loop , Stucki’s simple
logical expression and value assertions can then be used on the individual
array items defined by ‘the loop index.

We will give a number of examples to illustrate how these techniques may
be used in typical JOVIAL tables and arrays . The example will include vari-
ous linear list data structures , and both sequential and linked-list alloca-
tion schemes. We will also discuss the implementation of an assertion lan-
guage preprocesscr for a JOVIAL system. As a demonstration , we have modified
JAVS [6-8] so that it recognizes and translates our proposed assertion con-
stru cts. We will also discuss how these techniques are appl icable to
other high leve l languages.

2
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2 . ASSERTION CONCEPTS
2.1 The Assump tion/Decision Model

An ideal situation would be to have assertions written to verify all  of
the assumptions made by each of the modules in this system. This would pro-
vide complete documentation of expected run-time behavior as well as a means
for each module to check if the outside environment is really as it is

• claimed to be . Some assumptions , such as legal values and ranges of input
variables , readily lend themselves to specification as assertions . However,
more complex assumptions concerning large data structures or relationships
between various variables may be too complicated to be specified and thorough-
ly verified in a run-time situation.

In the same mann er , assertions can be irv~1uded for decisions made within
each module. This will provide documentation as well as run-time verification
of correc t implementation of each decision. If a decision is incorrectly
implemen ted , it may be detected and identified at virtually the location of
the error. This will save lots of debugging time . As with the assumptions ,
not all of the decisions can be easily formulated into simp le assertions .

More research will be required to determine what percentage of all the
assump tions and decisions can be eas ily specified as dynamic assertions.

2.2 A Sof tware System Life Cycle

Assert ions should be a part of the entire life cycle of a large scale
software system. They should be considered in the initial design and coding
phases and will be of useful service as long as the system is being main-
tam ed .

During the initial design phase of the sys tem , each module designer must
identify the assumptions used and the decisions made by his module. These
assumptions and decisions thould then be included as assertions in the mi -
tial version of the coded module. From that point on, the asser tions will
serve as impor tant documentation of the expected execution-time behavior char-
ac teristics of that module. The assertions included in each module will
be useful when testing the individual modules and then the system as a whole .
They will  help det ect and identify some errors earlier than otherwise might
be the case. They may also detect errors that would otherwise go unnoticed .
Thus , initial testing can be quicker and more thorough.

When the system has been thoroughly tested and is read y for use in the
f ie ld , it would be recompiled without the assertions . The assertions would
remain as comments but they would not be converted in to  executable code.
Thus , no space or time overhead is added to the production system .

When it is necessary to perform a modification on the system , the asser-
tions can again play a very hel p ful  role . Before a t tempti ng any change s , the
maintenance programmer must thoroughly examine the relevant modules and be-
come familiar with both their static and dynamic characteristics. He must
be aware of what assumptions are used in the system. Well formulated asser-
tions provide the needed documentation .

3
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But errors can still be made. To minimize the amount of damage done ,
it is important that the~~ errors be de tected as early as possible. By
again compiling the assertions in the related parts of the system , the pro-
grammer has a power~~~1 tool for detecting any abnormal system behavior , some -
thing that is otherwise very difficul t to do. Errors that are introduced
into the system during program modification usually occur through the deci-
sion/assumption relationship . A decision in one module may get changed mak-
ing the assumption used consistent with the new decision from the first
modu le , it may not function correctly. Thus,errors are introduced when the
second module is left unchanged using an old assumption, The assumption
assertion in the problem ’s second module would assist by noticing the assump-
tion violat ion and identifying it to the maintenance programmer.

2.3 An Asser tion Language

Thus far , our d iscussion of asser tions has no t been concer ned wi th how
they might be specified . For years , many good programmers have in cluded
inpu t parameter checks in their routines reflecting a “I don ’t trust anyone”
philosophy. These first assertions were coded along with the regular program
and frequen tly remained in the finished product. This has an adverse effect
on the space and time efficiency of the completed software system . We need
assertions that can always remain in the source code , but yet don ’t a1’~ays
have to be compiled or executed.

The simplest method to achieve this desired control is to continue writ-
ing the assertions in the high-level language of the system , but i’~clude a
special flag with each statement to indicate that it is part of an assertion .
Then , prior to compilation the specially flagged statements could be convert-
ed to comments or left as executable code by a simple preprocessor .

A more sophisticated approach involves the use of a specialized asser-
tion language. There are several reasons we feel that such an approach is
desirable. First, an assertion language provides a simple syntax that is
tailored to the checks that must be expressed . The assertions can be written
in a much more concise manner than would otherwise be possible. For in-
s tance , the value assertion as defined by Stucki [2] is much simpler than the
equivalen t sta temen ts in any high-level language. The programmer is also
spared from worry ing wi th the ou tpu t tha t mus t be genera ted i f an asser tion
violation occurs, He knows that for each assertion , the prepro cessor will
genera te statements to outpu t a standard-form violation message . Also , this
con cise , tailored format means that each assertion statement is self-do cumen-
ting; it is easily readable and readily stands apart from the remainder of
the code.

Second , an assertion language overcomes a major problem associated with
assertions written in the language of the software system . When assertions
are written in the same language as the total software system , it is diffi-
cult to maintain the desired separation between th2 assertions and the re-
mainder of the code. If the statements that make up an assertion are not
flagged as assert ions promptly when they are written , they will likely never
be so flagged . This is because without an indepth study of the code, it
is usually quite difficult to determine if a statement is part of an asser—
don or the real program , More than likely, the final program will have

4
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bo th  f lagged  and unf l agged  a s se r t i on  s t a t e m e n t s .  Then , when the asse r t ions
are to be disabled , these unflagged asser t ions  may cause ei ther  compilat ion
er rors  or add i t iona l  t ime-and-space overhead , or both . An asser tion lan-
guage avoids this problem ; the assertions always remain distinctly separate
from the rest of the code.

Another benefit is the ease with which the programmer can control the
enab ling of the assertions. In the simp le case, a preprocessor can ei ther
convert  all  the a s se r t ions  to the appropr ia te  high-level code or leave them
as com ments in that language . In a more powerfu l approach , the asser tion
language could include a complex hierarchy of control giving the programmer
both  compi la t ion  and execu t ion- t ime  control  over the enabling of individual
asse r t ions  [4].

All  these reasons for  using an asser t ion  language bas ica l ly  come down to
convenience and r e l i ab i l i t y. They are the same general reasons that  the
software is being written in a high-level language instead of in an assembly
language . The programmer ’s time is valuable and we can expect a more relia-
ble product.

However ,there are some drawbacks to the use of an assertion language.
F i r s t , a simple preprocessor must be written that will translate the asser-
tion statements into the desired high level code. Since an assertion lan-
guage can be kep t simple , this does not appear to be a serious problem.
Secondly, the assertion language is less flexible than the high level lan-
guage that would otherwise be used. However , using Stucki ’s simple asser-
tions and the advancement we propose in the remainder of this report , we
feel that most desi~.ed assertions can be easily stated.

Overall , we feel  tha t  a powerful  a s se r t i on  language provides signifi-
cant b e n e f i t s  in the spec i f ica t ion  of dynamic a s se r t ions .

3. ARRAY DATA STRU CTU RES
The array is a commonly used data structure , one that is explicit ly

d efined in almos t all high-level languages. Yet current dynamic moni toring
techni ques are not usable wi th any but the simplest array structures.

An array is de f in ed as a collec tion of homogeneous i tems tha t may all  be
referenced by the same name . Sometimes these items are merely elemen tary
items of the language. Yet frequently they are themselves collections of
other items that are non-homogeneous and/or logically related to each ~~her.
These latter collections are called record s though each language seems ~o have
i t s  own unique terminology . Arrays  of records are explicitly provided for in
JOVIAL [91, PASCAL [101, PL/I [11], ALGOL 68 [12] and COBOL [131 although
in JOVIAL these structures , called tables, are only one-dimensional.

FORTRAN [141 is a prominent high-level language that has no explicit
record structure . There are two common techniques used to overcome this
deficiency. The first method is to create a separate array for each indivi-
dual item of the record . The other way is to implement rn-dimensional records
of an n-dimensional space using an n + m d imensional array. Either way,
there is still the logical concept of an array of records.

5
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In general , we can consider every array to be an array of records.
These record s may be elementary items , exp licitly defined record structures
or implici tly defined FORTRAN records . Thus, when specifying dynamic asser-
tions for  a r rays , we want to treat the arrays as record- oriented data struc-
tures .

4. ASSERTION TECHNIQUES FOR LINEAR -LIST DATA STRUCTURES

4.1 Record- Oriented Monitoring

As noted above , most of the data structures explicitly defined in cur-
rent programming languages are record-oriented organizations . We feel that
dynamic asser tion techni ques for these structures ough t to represen t this
record philosophy.

There are two things that the programmer must define in order to speci-
fy  dynamic assertions for a record-oriented structure .

1) The group of simple assertions that is to be app lied to each
record in the structure.

2) A systematic means of accessing each record in the structure .

The simple asser t ions  should be those already defined in the existing
language for use with simple variables. A language construct must be defined
that will have the assertions together as a group that will be applied to
each record. The systematic access of records for the general class of all
data structures is not a simple task. Therefore , for the rest of the report ,
we wi l l  limi t our discussion to l inear l i s ts, a class of data  s t r u c t u r e s  in -

common use in today ’s programming practices.

4 . 2  Linear Lis ts

• A linear list is a set of n � 0 nodes x[l], x[2],,..,x[n] whose struc-
tural proper ties essentially involve only the linear (one-dimensional) rela-
tive posi t ions  of the nodes [12]. Three special l inear l i s t s :  s tacks , queues
and deques; allow dele tions , additions and accesses to values only at the
f i r s t  or last node of the s tructure.  Typically, these are imp lemented using
a sequent ia l  s torage a l locat ion scheme . The more general class of l inear
lists allows additions , deletions and accesses to any node in the list. Typi-
cal ly ,  some sort of linked record allocation is used for these more general
linear-list structures. Methods for specifying systematic traversal schemes
for  both types of allocation will be presented in the following section.

4.3 Node-Traversal Schemes

To specify the t raversa l  of any data  s t ruc tu re , three cha rac t e r i s t i c s  of
the traversal must be defined :

1) the f i r s t  node to look at
2) the method for determining the next node
3) the condition that signals the end of the traversal.

As is done w i th in  the program i t s e l f , an index wi l l  be used fo r  sped-

6
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fying the desired elements of the data structure . tkir de f in i t i ons for the
f i r s t  and next nodes wil l  be values for the controlling index. The termina-
ti ng condition will be any general Boolean expression.

The traversal scheme specif icat ion will  take the form of a standard
high-level program loop . The loop conditions will  define the sequence of

• r ecords to be monitored and within the loop bound s will  be grouped the asser-
tions for each record .

4.3. 1 Sequential Allocation

If the record s are stored in a sequential  manner in the data s t ructure ,
then the range for the index variable is suf f ic ien t  to define the traversal.
A simple loop def in i t ion using the range specif icat ion takes the following
fo rmat :

LOOP((variable name>) ( ( range))

END LOOP

For example , consider a JOVIAL table with  N records stored in sequential or-
der starting in record 0. The following would define the assertions loop.

LOOP (I) (0.. .N-l)

END LOOP

A JOVIAL assert ion preprocessor would generate the following JOVIAL code and
insert i t  into the original source code.

FOR I = 0 , 1, N-l $
BEGIN

END

This type of asser t ion can also be applied equally well to sof tware systems
wr i t t en  in other languages. For instance , the assert ions on a FORTRAI~ ar ray
of N elements would look very similar to those written above for the JOVIAL
example.

LOOP (I) (l ...N)

END LOOP

The translation to FORTRAN would then be as follows: where STMT denotes a

7
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unique FORTRAN statement number.

DO STMT I = 1, N

STMT CONTINU E

4.3.2 Linked Allocation
• A more complicated situation exists when the records are stored in a

linked manner scattered throughout the physical data structure. The initial
value for the control index is generally taken from a variable maintained by
the main program as a pointer to the first record . The next value for the
index usually is taken from a link field within the current record . And the

• terminating condition is stated as a Boolean expression that when evaluated
true, denotes that the end of the chain has been reached. Frequently this
condition is that the link field of the current record , and subsequently the
next value of the index variable , is an implementation -dependent null pointer.
The syntax for this loop definition is:

CHAIN ((index variable)) INIT ((arith . expr.))
NEXT ((arith. expr.)) END (~(boolean expr.>)

END CHAIN

For example , consider a JOVIAL table that contains a linked list. Simple
item PTR contains the index for the first record in the chain. The table
contains item LINK which provides the link between records and is -l in the
last record of the chain. To loop through this linked list , the following
directives would be used.

CHAIN (IX) INIT (PTR) NEXT (LINK($IX$)) END (IX EQ -1)

END CHAIN

The assertion preprocessor would then generate and insert the following
JOVIAL source statements.

IX = PTR $
Label.

IX = LINK ($IX $) $
IF NOT (IX EQ -1) $
GOTO Lab el $

Label is used to denote a preprocessor -generated label that is unique to this

8
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loop expansion. Again this type of assertion is also applicable to software
systems written in other languages. For example , consider how the above
example migh t look in a FORTRAN system. The linked list is stored in a
2-dimensional array,  LLIST, with each row being a record of the logical struc-
ture. The first element of each row contains the link to the next logical
record . Now our assertions would look as follows.

CHAIN (IX) INIT (Pm) NEXT (LLIST(IX ,l) )  END (IX .EQ. 0)

END CHAIN

The preprocessor migh t convert this to F ORTRAN as indicated below , where
again STMT is used to denote a uniquely generated statement number .

IX = PTR
STIff CONTINU E

IX= LLIST(IX ,l)
IF (.NOT. (IX .EQ . 0) )  GO TO STMT

4.4 E~~ ty Dat a St ructures

One important consideration that has not yet been accounted for is the
possibility that the data structures migh t be empty. If tha t is the case ,
then the loop and the assertions defined within the loop should not be execut-
ed. To handle this situation, an optional EMPTY ((boolean expt)) clause may
be appended to either of the previously-defined loop-specification statements
as fo ll ows :

LOOP ( (variable)) ( (range)) [EMPTY ((boolean expr .)) ]

or
CHAIN ((variable>) INIT ( . . . )  NEXT (...) END ( , . . )

[EMPTY ((boolean expr.))]

A true eva luation of the Boolean expression indica tes that the data structure
is emp ty and the assert ions should be skipped . The JOVIAL preprocessor would
group the whole assert ion loop as a compound statement and precede it wi th
an appropriate IF statement as shown below:

IF NOT ((boolean expression>) $
BE GI N

Loop as defined previously
END

In the two examples discussed in Sections 4.3.1 and 4.3.2, the EMPTY Boolean
expressions might be “N EQ 0” and “PTR EQ -1”.

9

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _  • — --•~~~~



4.5 Examples

I n this section , we will show some examples de ta i l ing  how the assertion
loops could be used for typical linear-list structures and allocation scheme s.
At this point we are only concerned with the record-traversal scheme and thus
will not try to show any specific assertions .

4.5.1 Stack - sequential allocation

Consider a JOVIAL table , STACK, that contains a stack of records. The
stack is filled from the bottom (index = 0) up and NENT(STACK) contains the
number of entries in the stack. The loop and assertions , including an empty
stack check , could be written as follows :

LOOP (I) (0.. .NENT(STACK)-l) EMPTY (NENT(STACK) EQ 0)
Assertions

END LOOP

The preprocessor wouid generate the following JOVIAL code:

IF NOT (NENT(STACK ) EQ 0) $
BEGIN
FOR I = 0, 1, NENT(STACK)-l $
BEGIN

• Assertions
END

END

4.5.2. Queue - sequential allocation

To implement a first-come-first-serve queue , a large JOVIAL table , QUEUE ,
might be used . Records are added to one end of the sequential list and re-
moved from the other. The queue moves progressively around the fixed length

• table. HEAD is used here to point to the oldest record in the queue , the one
that will be serviced next. TAIL points to the next record to be filled at
the end of the queue. When the queue is empty, HEAD = TAIL. QUELEN is the
length of the table.

Because of its cyclic nature , the queue is always in one of three possi-
ble states as shown in Figure 1. Because of the difference of the relative
values of HEAD and TAIL, these three cases cannot all be monitored using the
same assertion-loop definition. Instead , we will use a JOVIAL IF-EITHER
statement to separate case 3 from cases 1 and 2 as follows:

IFEITH HEAD IA~ TAIL $
BEGIN “CASES 1 AND 2”

LOOP (I) (HEAD..,TAIL-1) EMPTY (HEAD EQ TAIL)
Assertions

END LOOP
END “CASES 1 AND 2”

ORIF HEAD cr TAIL $
BEGIN “CASE 3”
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1) =
f HEAD

TAIL

2) Queue

~~HEAD ~~TAIL

S;c;nd

t TAIL t HEAD

Fig. 1. Queue Implemented in Sequential Allocation
(The shaded areas represent empty records).

LOOP (I) (HEAD...QUELEN -1)
Assertions

END LOOP
LOOP (I) (Ø, . .TAIL -1)

- Assertions
END LOOP

END “CASE 3”
END “IF EITHER”

For each of the assertion—loop definition 3, cod e similar to that for the
stack in Section 4.5.1 would be generated by the JOVIAL preprocessor.

4.5. 3 Queue - linked list allocation

Consider again the queue in the previous section, only this time being
implemented as a linked-list of records. Table item LINK is added and pro-
vides the proper linkage between the records. In the last record, the LINK

11
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field contains the value -1. READ still points at the oldest record , what is
now the first record in the list. TAIL points to the most recent record
added at the end of the list , but is no longer needed for the monitoring pro-
cess. If the queue is empty, HEAD and TAIL both contain the value -1.

The monitoring statements would be:

CHAIN (IX) INIT (HEAD) NEXT (LINK($IX$)) END(IX EQ -1)
EMPTY ( (READ EQ -1) AND (TAIL EQ -1))

Assertions
END CHAIN

A JOVIAL preprocessor would generate the following JOVIAL loop:

IF NOT ((HEAD EQ -1) ANI) (TAIL EQ -1)) $
BEGIN “NON-EMPTY”

• IX— HEAD $
Label.

Assertions
IX = LI NK ($IX$ ) $
IF NOT (IX EQ -1) $
GOTO Label $

END

4.5.4 Circular Lists

If the queue in Section 4.5.3. was to be implemented now as a circular
list, the LINK value for the last record would have to point back to the
first record in the list. This would cause a ëhange to the terminating con-
dition in the loop definition as shown below :

CHAIN (IX) INIT (HEAD ) NEXT (LINK($IX$)) END (IX EQ HEAD )
EMPTY (HEAD EQ -1)

It is the circular list data structure that dictates the use of a DO-
UNTIL loop in the JOVIAL expansion of the chain traversal definition. If a
DO-WHILE loop was used , the terminating condition would be met immediately
after the initial index value assignment. In this example , we can see that
the initial assignment HEAD.. IX would lead to a true evaluation of IX EQ HEAD
and thus an exit from the DO-WHILE loop.

4.5.5. Doubly-Linked List

To traverse the records of a doubly-linked list , either one of the
chains may be followed . Thus the doubly-linked list structure simplifies into
either a linked-list or a circular list as far as the dynamic monitoring of
the record values is concerned .

A totally complete set of assertions on a doubly-linked list should also
verify thL c the two chains are consistent with each other. This would in-
volve increased complexity in the loop specification language as well as in
the source code generated . At the present time however , the need does not
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seem to j u s t i f y  the added overhead and complexity that wou ld be required .

4.5.6. Sequential Variable-Length Record s

Frequently variable—leng th record s are stored sequentially in a linear
array, usually with the first word of each record containing the length of
the record as shown in Figure 2. Typically the array acts as a buffer

• Li Record 1 1.2 Record 2 11.3 Record 3 0 V

Li L2 L3

Fig. 2. Array Used as Buffer for Variable-Length Records
(The shaded areas represent empty space.)

for these records between main memory and some sort of secondary storage
media.

Onr chain-traversal definition is flexible enough to be of easy use with
this sort of record organization. In the following example, BUFFER is a
linear array . As indicated above, the first word of each record contains the
length of that record. Following the last record is a 0 to indicate the end
of the list. The loop definition would be written as follows.

CHAIN (IX) INI T (0) NEXT (IX + BUFFER($IX$ )) END (BUFFER($IX$) EQ 0)
EMPTY (BUFFER($O$) EQ 0)

Assertions
END CHAIN

4.6 Multi-dimensional Linear Structures

Until now we have only demonstrated our assertion approach with 1-dimen-
sional linear lists. However, our techniques are also applicable to the gen-
eral class of multi-dimensional linear structures. This is accomplished by
the use of nested loops, one for each index of the array. Then inside the
inner-most loop, the desired assertions can be written for the individual
records.

The following examples illustrate the use of nested loops for multi-
dimensional arrays. In each example, we will write assertions for an N by M
array of recor4s. This array can be viewed as a linear list of N linear lists
of M records. Thus, what we must do is to specify the looping constructs for
each of the two lists.

The simplest and most common view of our N x M array would consider
both lists to be of a sequential nature. We would write the loops for such
an organization as follows :

13
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LOOP (I) (0...N- l)
LOOP (K) (0...M— l)

Assertions
END LOOP

END LOOP

Another organi zation of the arra y may be considered as a sequential
list of linked lists. In this example , the array HEAD($0:N-lS) contains the
pointer  to the head of each of the linked l ists.  These assert ion loops , now
using both a LOOP and a CHAIN, would be written as follows:

LOOP (I)  (0...N—l)
CHAIN (XX) INIT (HEAD ($I$))  NEXT (LINK($I ,KK$))
END (KK EQ -1)

Assertions
END CHAIN

END LOOP

We n~ay also view the array as a linked list of linked l is ts .
The array LI STLI NK ($0:N-l$) provides the linkages in the list of l ists while
HEAD ($ 0 :N -l$ )  again contains the head of l ist  pointers for  the l is ts  of
records. TOP points to the first list of records.

CHAIN (II) INIT (TOP) NEXT (LISTLI N K ( $I I $) )  END (II EQ —1 )
CHAI N (XX) INI T (HEAD( $II$)) NEXT (LINK($II ,XX $))
END (XX EQ -1)

Assertions
END CHAIN

END CHAIN

As demonstrated in these examples, our assertion techniques are applicable to
any combinat ion of a l locat ion scheme s that migh t be used in an a r ray  struc-
ture. They are simple and powerful enough to make assertion specification
for multi—d imensional linear structures a simple task.

5. OPTIONAL INTEGRITY CHECKS

Thus far, we have discussed only integrity checks on the data values con-
tained in the various linear data structures. ‘ However, with a linked-list
structure, it is also important that we are able to check the integrity of cer-
tain aspects of its logical structure. Toward this end, we now define the op-
tional B~ JNDS and C~ JNT clauses to be appended to the chain-traversal loop
definition as follows:

CHAIN ( (variable)) INI T ( . . .)  NEXT ( . . . )  END ( . . . )
[EMPTY ( . . .) ]  [B~~J ND S ( (range ))1 [C~ JNT ((range))]

5.1 Bounds

With this clause , the programmer can make an assertion about the legal
values that the index variable may take. If the index is out of range , it
usually indicates a serious error in the logical data structure. For this
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reason , a f t e r  a B~ JND S assertion violation , the assertion loop should be
immediately exited . This feature should provide detection of erroneous link
f ie ld values and data  s t ruc tu res  that  have simply overgrow n their  assigned
memory space.

5.2 Coun t

This cla use spec i f ies  an assertion about the legal number of record s in
the linked l i s t .  For instance , if the program maintains i ts own record
cou nt , this clause could monitor the correctness of tha t count. Another easy
use migh t be to verif y that the data st ructure is indeed empty or non-empty
at a particular time . As with the BOUNDS clause , an error message is printed

• when an assertion violation is detected .

6. SIMPLE ASSERT IONS
In this section we wil l  examine the actual assertions needed for s imple

and record-oriented items. Stucki [4] has defined one general and five spec-
ialized local assertion formats. Three of these seem important within the
framework of the current discussion.

1) ASSERT ( (boolean expression) )
2) ASSERT VALUE ( (variable name))  ( ( l i s t  of legal values

and/or ranges> )
3) -ASSERT VALU E ( (variable name)) NOT ( ( l i s t  of illegal values

and/or ranges>)

The last  two assert ions could obviously be wr i t t en  using one or more of the
general Boolean expression assertions. However, for clarity and ease of use,
we fee l that  the value-type assertions should also be explici t ly defined in
the assertion language.

A brief example should adequately illustrate these assertions. Let us
again consider the stack from Section 4.5.1, but this time we are interested
in the actual assertions that we skipped over previously.

As defined before , I is the index variable , and we will use it to iden-
tify the record being examined . If A , B, C, D are items defined in the
table , we could see the following assertions on these items.

ASSERT (A($I$) * B($I$) Cr 0)ASSERT VALUE (C($ I $) )  (1, 5, 10,.. .15)
ASSERT VALUE (D($I$)) NOT (2, 4)

It should be noted here that currently JAVS [7] provides only the general
asser tion on a Boolean expression.

7. ASSERTION LANGUAGE PREPROCESSOR
In this section we will examine some of the important issues in the

imp lementation of a preprocessor for our new asser t ion constructs in a JOVIAL
system. Some of these implementation issues can effect the way the user may
interface with the system. Our purpose here is to present the various alter-
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natives that are available. We will also look at our implementation in JAV S
of the preprocessor for an assertion language with these new constructs .

7.1 Index Variables

Both of our new looping constructs define the values for an index varia-
ble that is used to identify the desired array elements. Some of the more
difficult implementation issues revolve around these indices , and particular-
ly, the way they must be specified in JOVIAL. One of our main objectives
must be to supply the user with the simplest possible tool. Yet , this objec-
tive will certainly have to be balanced against the realities of the preproc-
essor implementation.

7.1.1 Variable Types

One issue that ispeculiar to JOVIAL systems and was covered over pre-
viously is the matter of index variable types. As the JOVIAL expansions for
the LOOP and CHAIN constructs were previously defined , each requires the use
of a different type of variable for the index. Since the LOOP command trans-
lates into a FOR statement , a one letter FOR variable must be used . On the
other hand , the CHAIN command requires the use of a two to six character
variable . The programmer must either remember which command requires which
type of variable or be aware of the code to which the command s are translated .
Neither alternative is very attractive .

An alternate translation for the LOOP construct may provide the best
solution. Instead of using a FOR loop , the loop controls could be written
explicitly with other JOVIAL structures. The translation for a LOOP corisnana
into JOVIAL would then be as follows:

LOOP (IX) (O...N-l)

END LOOP

trans lates to

IX = 0 $
LABEL.

IX = IX + 1 $
IF NOT (IX GR N-l)$
GOTO LABEL $

The normal two- to six-character variable name could then be used for the
index variable in both loop constructs .

7.1.2 Interference

It is important that the assertion statements not interfe re with the
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norma l execution of the s o f t w a r e  sys tem.  The a s se r t ions  must  have access to
all of the main program ’s variables , yet they must not be allowed to alter
the values of those variables. The loop index var iables  are the only poten-
tial problem variables since they are the only ones to which new values are
assigned . Ideally the preprocessor should protect the main program from
interference by these index variables. Otherwise,the programmer will have to
be responsible for avoiding harmful side effects from his assertions .

If the targe t language for the preprocessor is a block-structured lan-
guage , such as ALGOL 60 [16], ALGOL 68 tl2l, PASCAL [10] or PL/I [11], the
preprocessor  can eas i ly  pro tec t  the main program from in te r fe rence  by the
asser t ions. This is possible because of the way these languages define the
scope of the var iab les .  Any variab le x is considered to be local to the block
in which it is defined . Variable x can then be accessed as a global variable
in blocks nested within the defining block unless the nested block defines its
own variable x. In that case, the or iginal x is unreachable yet left un-
harmed u n t i l  the lower block is ex i ted.  The preprocessor  needs only to trans-
l a t e  each block of assertions into a block s t ruc ture  of the target  language .
Wi th in  this block the index variable could be declared and used as a local
var iab le .  Thu s , the assertions have access to all the va riable s from higher
level blocks, and yet the index var iab le  does not i n t e r f e re  with any of the
other var iables  already in use .

However , JOVIAL does not provide such fac i l i t i e s .  The scope of a varia-
ble is either the entire program or routine in which it is defined . Thus,
to avoid i n t e r f e r e n c e , the index variable must  be unique re la t ive  to all the
other curren t ly live variables. One solution is for the preprocessor to
“guarantee” this uni queness. I t  could concatenate a short string onto the
variable name to create a new unique name . For example , the string migh t be
XXXX. Then, if the programmer used II for the index variable name , the pre-
processor would generate  the variable name IIXXXX . This assumes that the - •

programmer knows to avoid using variable names ending with the string “XXXX” .
This solution may increase a lot of complexity in the preprocessor. A
reasonable al ternative :eems to be to require the programmer to choose a
unique index name for his asser t ions . A better approach may be to always
use a particular distinctive name, such as ASSTIX , that would never be used
elsewhere in the program .

7.1.3 Declarations

In most programming languages , the programmer must declare all of the
variables he intends to use. Since the assertion ioop indices are not part
of the main program , we feel that the programmer should not need to include
declarations for them. This means that the preprocessor must insert the
necessary declarations .

In the block structured language approach described in the previou s
section , the declaration responsibility naturally falls on the preprocessor .
Declarations are generated and inserted at the beginning of each assertion
block.

For a JOVIAL implementation , the situation is not so well defined. If
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the preprocessor is creating its own names , then it must also insert the var-
iable declarations . However , if the programme r uses the same index var iab le
name twice and the preprocessor includes two declarations , the compiler will
issue a warning message . Certainly this does not represent an ideal solution
to the problem. On the other hand , if the programme r is responsible for using H

• unique index variable names , it would seem natural for him to also include
the declarations .

7.1.4 JOVIAL conclusions

We feel that both loop constructs should use the same type of index var-
iable as discussed in Section 7.1.1. Regarding variable interference and
declarations , a realistic approach is to leave the index vari.~.ole choice and
declaration responsibilities with the programmer. These decisions provide an
adequete interface with the programmer while holding down the complexity of
the preprocessor.

7.2 Integrity checks

When the COUNT and BOUNDS options were previously introduced , no trans-
lations into JOVIAL code were given. The intent of the two clauses was evi-
dent withou t introducing the details of imp lementation . Here we will dIscuss
those details.

The code for these options must be designed so that it can be easily
inserted into the code already specified for a CHAIN loop . This will help

• keep the option translations a simp le process.

7.2.1 COUNT

For the count check we will introduce a specific variable , ASTCNT, that
will hold the count of records processed in any particular loop. ASTCNT can
be automatically declared at either the beginning of the program or the time
of the first count check . The later declaration requires the use of a s’~par-
ate flag to indicate whether or not ASTCNT has already been declared .

For a particular COUNT check , the preprocessor must generate code to
initialize , increment and validate ASTCNT. Code must be inserted before , in
the middle of , and after the basic assertion ioop . For example,

CHAIN (IX) INIT (PTR) NEXT (LINK($IX$)) END (IX EQ -1)
COUNT (LC~~., .HIGH)

END CHAIN
would be translated to

ASTC~T = O $
IX = PTR $

LABEL.
ASTCNT = ASTCNT + 1 $
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IX = LINK( $IX$ ) $
IF NOT (IX EQ -1) $
GOTO LABEL $
IF NOT (L(~J IA~ ASTCNT L$~ HIGH) $ “COUNT”
pr in t  error  message $ “COUNT ”

The commen t “COUNT” indicates the s t a t e me n t s  that  were inse r ted  to im-
plement the COUNT option .

7.2.2 BOUNDS

The BOUNDS clause presents a slightly different problem. Now,the valid-
i t y  check must  be made w i t h i n  the basic  a s s e r t i o n  loop and an exi t taken if
a violation is detected . To provide the exi t point , the preprocessor must
genera te  another  unique var iable  name tha t  wi l l  be p laced immediate ly fol low -
ing the normal loop exit .

For examp le , the following is an assertion loop definition wi th a BOUNDS
check and the generated JOVIAL code. All statements inserted for the BOUNDS
clause are so marked .

CHAIN (IX) INIT (PTR) NEXT (LINK($IX$)) END (IX EQ -1)
BOUND S (LCM . . .HI GH)

END CHAIN

IX = PTR $
LABEL,

IF NOT (L(J.1 LQ IX JJ~ hU GH ) $ ‘~B0UNDS”
BEGIN “BOUNDS”

print  error message $ “BOUNDS”
GOTO ELABEL $ “BOUNDS”

END “BOUNDS”

IX = LINK($ IX$) $
IF NOT (IX EQ -1) $
GOTO LABEL $

ELABEL , “BOUNDS”

• 7.2.3 A Complete Example

The following is a complete example designed to show how the code from
• each of the options; EMP TY , COUNT , and BOUNDS fits together. The JOVIAL

st atements  from each of the options are again marked wi th comments.
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CHAIN (IX) INIT (PTR) NEXT (LINK($IX$) )  END (IX EQ -1) EMPTY (PTR EQ -1)
COUNT (LOCNT ...HICNT ) BOUNDS (LOB ND . ..HIBND )

END CHAIN

IF NOT (PTR EQ -1) $ “EMPTY”
BEGI N

— ASTCNT = 0 $ “COUNT ”
IX = PTR $

LABEL.
IF NOT (LOBND LQ IX IA~ HIBND) $ “BOUNDS”
BEGI N “BOUNDS”

print error message $ “B OU NDS”
GOTO ELABEL$ “BOUNDS”

END “BOUNDS”
ASTCNT = ASTCNT + 1 $ “COUNT”

IX = LINK($IX$ ) $
IF NOr (IX EQ -1) $
GOt O LABEL $

ELABEL , “BOUNDS”
IF NOT (LOCNT LQ ASTCNT LQ HI CNT ) $ “COUNT”
print  error message $ “COUNT ”

END

7.3 Command Stack

In the definition of an assertion loop , all of the loop parameters are
specified at the top of the loop. Some of these parameters are used m ine-
diately by the preprocessor while others must be saved for usage at the end
of the loop. As was discussed previously, assertion loops may be nested
several levels deep. This suggests the use of a stack to retain the neces-
sary information for each of the nested loops. Each element of the stack
should be a record with fields for the different parameters to be retained .
The following are the parameters that must be retained for a JOVIAL implemen-
tation as we have thus far described it.

1) Index variable
2) Algebraic expression for the next value of the index variable
3) Boolean condition that indicates exit from the loop
4) Label at the head of the loop
5) Label at the exit from the loop (optional entry-used wi th BOUNDS

clause)
6) Legal range for record count (optional entry-used with COUNT clause)
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7 .4 JOVIAL Automated  V e r i f i c a t i o n  Sys tem ( JAyS)

The curren t version of JAVS provides the programmer with some asser—
don statements for use with Boolean expressions. We feel that the in-
clusion of our new assertion constructs , along with the Stucki-like VALUE
as3ertion , would make JAVS a much more powerful  system development and main-
tenance tool . Thus , we exp lored the feasibil ity of modif ying JAVS to this
means. First , it was decided that the set of directives recognized by JAVS
could be eas i ly  expanded to suit our needs . And jus t  as important ly ,  it was
de t e rmined  that JAVS alread y contained general statement parsing and text-
manipulation routines to facilitate implementation of the new directives.
None of the e x i s t i n g  so f tware  would need to be changed , only new code added.
The fo l lowing sect ions b r i e f l y  describe the modif icat ion work done on JAyS .
(More detailed documentation and the modified JAVS source listing can be
found in Appendices III and IV).

7.4. 1 JAyS Directives

JAVS directive s are statements which may be included in a JOVIAL source
text but are only meaningful to the JAyS preprocessor. Some of these direc-
tives , such as JAVSTEXT, are used for naming and organizing various parts of
a large software system. Others, the computational directives, cause JOVIAL
code to be generated and inserted into the probe text. It is this subset
that we are interested in expanding.

All the JAVS directives are written in the following basic format:

(JAVS -directive)(any necessary parameters)”

with the character string s “ . and “ serving as directive delimiters . The
choice of these symbols as delimiters insures that the directives can be left
in the source cod e and will be interpreted as comments by the JOCIT compiler.
(Double quotes (“) serve as the JOVIAL comment delimiter.)

For our new assertion constructs, we added these four new JAVS computa-
tiona l directives: CHAIN, ENDCHAIN, LOOP and ENDLOOP. Each directive state-
ment was given the appropriate syntax as defined previously. For instance ,
the LOOP directive syntax is as follows:

“.LOOP ((variable name)) ((range>) [EMPTY ((boolean expression))]

We also saw a need to expand the simple assertion power of JAVS as out-
lined in Section 6.0. In that section, we defined the following three formats
for simple assertions .

ASSERT ((boolean expression))
ASSERT VALUE ((variable name)) ((list of legal values and/or ranges))
ASSERT VALUE ((variable name>) NOT ((list of illegal values and/or
ranges ~)

JAVS alread y supports an assertion directive of the following form

“.ASSERT , (JOVIAL boolean expression)” .

We decided to retain this syntax for the expression assertion in or-
der that all old JOVIAL software would be upward compatible with the new JAVS
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system. Then, for the other two value assertions , we have added a VALUE dir-
ective with the following syntax .

“.VALUE ((variable name)) [NOT] ((list of values and/or ranges))”

In summary, we made a total of five additions to the set of computation-
al directives that JAyS recognizes. Four of these are to support our new
assertion constructs and the fifth is an enhancement to the simple assertion
power of JAyS . A complete listing of the assertion directive s recognized by
the enhanced version of JAVS can be found in Appendix I.

• 7.4.2 Directive Code Modifications

Our first task was to make the JAyS source text analyzer recognize the
new directives that we wished to add . This was a simple job. Procedure LOOK
in component JAVS-2 contains a table , LI , of all the JAVS directives. We had

• to increment the table size by 5 (definition of NJDIR) and add entries for
the new directives and their lengths to table LI.

The remainder of the modifications had to be made in component JAVS-5 ,
the module instrumentation component . Procedure PRBDIR is the routine that
is called each time a directive is encountered in the instrumentation phase.
PRBDIR had to have additions made to it so that when any of the five new di-
rectives are encountered , it invokes the correct procedures.

New procedures had to be w~itten for the directives CHAIN , ENDCHAIN,
LOOP and VALUE . Since we decided to translate the LOOP directive into code

• similar to that for CHAIN (no FOR loop), we are able to use the ENDCHAIN pro-
cedure for both the ENDCRAIN and ENDLOOP directives . Each of these new rou-
tines was written in the style of the older directive routines , relying
heavily on the already existing support routines of components JAVS-2, JAyS-S
and JAyS-h .

The compool for the JAyS-S component also had to be updated . Procedure
templates were added for each of the new procedure s and for BALPAR , a JAVS-ll

• routine that had not previously been called from the JAyS-5 component. A
common area, ASSERT, was also added to the compool . Its major contents are
the stack and stack pointer for processing the assertion loops. It also con-
tains a flag, DCLASSCNT, which indicates whether or not the variable ASSCNT
(used for checking record count assertions) has yet been defined .

Like statements written in any other language, it is certainly possible
for these assertion statements to be incorrectly written. For instance , the
NEXT field might be missing in a CHAIN directive statement . Or , there might

• be an imbalance between the number of LOOP and ENDLOOP statements . Checks
have been included in all the assertion procedures to detect these types of

• mistakes. In the event of such an error , the JAVS-ll ERROR procedure is in-
voked with an explanatory message. Appendix II contains a complete list of
these error diagnostic messages.

7.4.3 Assertion-Violation Output

JAyS uses a scheme based on the JOCIT compiler ’s MONITOR primitive for
outputting assertion-violation messages . This was done to add another level

22

• •
- - - ~~~~~~~~~~ -~~~~ 

S 

S



— --5- — -•---~~~ ——55-5 5— -••,--- ---~~~ - 5-

• -~~~~~~~~~~~~ -söi. -~ 
-

of user control to the activation of the assertions. The violation output
can be turned off at compile time independent of the output from the JAVS
structural instrumentation [17].

To us , this scheme does not seem entirely satisfactory . The first prob-
lem is that it ties the assertion facility to the monitoring task. One can
never have the assertions enabled without also having the monitors activated .
Thus it is not possible to get any occasional assertion violation output
without also getting the possibly voluminous monitor output. And to make
matters even worse, output from both sources goes to the same output file.

However , the major problem is that under this scheme , the output mes-
sages must be fixed at the time of structural instrumentation. It is not
possible to output the execution -time values of the pertinent variables along
wi th a violation message . The programmer is virtually left in the dark when
it comes to locating the cause of the violation. He is not given even the
slightest bit of information from which to start his search.

We feel that a more powerful and flexible outpu t scheme could be used
by sacrificing the compile-time control . Instead of using the MONITOR capa-

F bility, standard JOVIAL output statements could be inserted into the probe
text . These statements would outpu t the appropriate explanatory message and
any pertinent variable values for each violation .

However, in keeping with our desire not to alter any of the existing
JAVS system , we will retain the MONITOR scheme for use with our new asser-
tions.

8. CONCLUSION

In this report we discussed the contributions that dynamic monitoring
can make in the area of software maintenance . Assertions provide documen-
tation that can help the maintenance programmer avoid modification errors.
The assertions also assist in the detection of any errors that are intro-
duced during modification. These benefits were previously not recognized
since the initial work on dynamic monitoring had been done from a software

• reliability perspective.

The main thrust of the results presented in this report is the expansion
of the already existing assertion concepts to include array data structures
which have been virtually ignored in all previous work. Initially we devel-
oped a record- oriented approach toward array data structures. Based on this
approach we proposed an assertion technique that will enable effective moni-
toring of most linear-list data structures that have been implemented as
JAVS tables or arrays. We believe this is a big step in the development of
monitoring as an effective software-development tool.

Finally, we discussed some important considerations relative to the im-
plementation of our new assertion concepts for a JOVIAL system. As demon-
stration , modifications were made to JAVS so that it could serve as the
preprocessor for an expanded assertion language containing our new constructs .
Appendix V contains the output listing of an example run of this modified
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version of JAyS .

Mor e resea r ch is needed to study the use and benefits of dynamic moni-
toring throughout the whole software life cycle. We need to determine how
easily assumptions and decisions can be defined and explicitly stated when
designing software. Then, how many of these can effective assertions be
written for ? Assertions appear to be a promising tool for detecting errors
made during software modification, but we need to research this area more.
We must  deter mine what kind of errors are typ ica l ly made and how effective
th is type of d ynamic monitoring will be in detecting them. Our belief is
that  dynamic monitoring wil l  indeed be an effective and powerful tool over
the whole software l i f e  cycle.
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• APPENDIX I

JAVS Assertion Directives

“.ASSERT , (boolean expr.>”

“ .VALUE ( (var iable name)) [NcYr ) ((list of values and/or ranges>)”

“ LOOP ( <variable name )) ( <range)) [EMPTY (<boolean expr.))]

“.ENDLOOP”

“.CHAIN ( (variable name)) INIT ( (arith . expr . ) )  NEXT ((ari th. expr .))  END

((boolean exp r .) )  [EMPTY ( (boolean e x p r .) ) J  [BOUNDS ( (range))]  [COUNT

((range)) ]“
“.ENDCHAIN”
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APPENDIX II
E rror Diagnost ic  Messages

This appendix describes the error diagnostic messages that JAVS generat~
as a result of improperly specified assertion directives. The standard JAVS
ERROR procedure is used to output these messages to the JAVS outpu t report.
Given here with each error message is a brief explanation of the probable
cause of the error and in what procedure it was detected .

ASSERTION STACK OVERFL~Y.4

There is an overflow condition on the assertion command stack . The
number of nested LOOP and CHAIN directives exceeds the permissable
limit. This limit is defined as MA.XCSTK (= 10) in procedures PRB CIIAIN
and PRELOOP and in common ASSERT. Error detected in procedure PRBCHAIN
or PRBLOOP.

ASSERTI~~ STACK UN DERFL~M
There is an underflow condition on the assertion command s tack . For the
ENDLOOP or ENDCHAIN directive being processed , there has been no ma tch-
ing LOOP or CHAIN directive . Error detected in procedure PRBENDC .

CHAIN ASSERTION ERROR - NO INIT FIELD

No INIT field specified for a CHAIN assertion directive . Error dete’cted
in procedure PRBCHAIN.

CHAIN ASSERTION ERROR - NO NEXT FIELD

No NEXT field specified for a CHAIN assertion directive . Error detected
in procedure PRBCUAIN.

CHAIN ASSERTION ERROR - NO END FIELD

No END field specified for a CHAIN assertion directive . Error detected
in procedure PRBCHAIN.

28
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APP~~DIX III

JAVS Modification Documentation

A. JOVIAL Automated Verification System
Documentation of changes made to JAVS to implement an expanded assertion
specification language .

B. Work done at Northwestern University
by John L. Ramey

(312) 492-5248

Sponsored by Rome Air De velopment Center
Under Contract No. F30602-76-C-0397
Pro j ec t  Engineer  - Mr. R. Iuorno

C. Abs tract
This wor k is a modificat ion to JAy S to enhance i ts  dynamic asser t ion
capabi l i t i e s .  More computational d i rec t ive s were added to the set that
JAVS recognizes. These new directives give JAyS more assertion power
both for simple data items and most linear list data structures. New
routine s were added to translate these assertions into the proper JOVIAL
code during the instrumentation phase. All the source code was written
in JOVIAL and tested on a HONEYWELL 6180.

D. Computer definition
The hardware requirements are the same as for the unmodified JAyS.

E. System Description
The modifications were run successfully under the H618O/GCOS Version
H.l operating system. No new special executive software is required .

F. Program Description
The general philosophy used when making the modifications was to use
the same basic approaches to the organization and coding aswsre- done
in the origina l version of JAVS. All new routines were written using
the same sty le as the older ones and previously written support routines
were used whenever possible. Only enhancements were made so that all
previously written programs and JAVS directives still work under the
modified version. As was done with the previous directive s, they are
all recognized in the initial basic analysis of phase 2. Then during
the instrumentation phase , routine PRRDIR distinguishes between the
various possible directives calling the correct routine to handle each .

JPRt~ E - modified procedure in JAyS-S
An addition was made to this procedure so that it initialized both
the assertion command stack pointer (CSTKPTR) and the variable
indicating whether or not the count variable had yet been declared
(DCLASSCNT).

LOOK - modified procedure in JAVS-2

29
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Addi t ions  were made to the directive table in this procedure so
that  the f ive  add i t iona l  d i r e c t i v e s  would be recognized du r ing  the
ba sic ana lys is  phase.

PRBAST - modified procedure in JAVS-5
This procedure was modified to make use of the new procedure
PRBDCL instead of doing the same tasks internall y.

PRBCHAIN - new procedure in JAVS-5
This procedure handles the CHAIN assertion directive . For each
directive , it generates the required JOVIAL code for the top of
the assertion ioop and saves the necessary information on the top
of the assertion command stack for use when the matching ENDCHAI N
directive is encountered .

PRBCHKL - new procedure in JAVS-5
This procedure is used to keep from overflowing the TXThUF buffer
when building statements. Whenever there is a possibility that a
new add ition migh t not fit in the buffer , PRBCHKL is called before
ADDTXT. If it will not fit , the contents of the buffer are written
out as a statement and the buffer is cleared .

PRBDCL - new procedure in JAVS-5
This procedure makes sure that the MONITOR function is turned on
for outputting violations from the assertions.

PRBDIR - modif ied procedure in JAVS-5
Additional entries were made to the IFEITHER statement in this
routine so that when the new directives were encountered during
the instrumentation phase , the appropr iate procedures would be
called .

PRBENDC - new procedure in JAyS-S
This procedure h-indies both the ENDCHAIN and the ENDLOOP directives.
It gets the information from the record on top of the assertion
command stack and genera tes the JOVIAL statements necessary fo r
the termination of the assertion loop .

PRBLBL - new procedure in JAyS-S
This procedure generates a six-digit label based on the current
statement number. Called by PRB CHAI N and PRBLOO P .

PRBLOOP - new procedure in JAVS-5
This procedure handles the LOOP assertion directive . For each
d irective , it generates the required JOVIAL code for the top of
the assertion loop and saves the necessary information on the top
of the assertion command stack for use when the matching ENDLOOP
directive is encountered.

PREVALUE - new procedure in JAVS-5
This procedure handles the VALUE assertions. It extracts the
variable name and values from the assertion directive and generates
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the JOV IAL cod e to make the check and output an error message if
a violation is de tected .

G. Logic Diagrams
The upper-level flow of the JAV S system has not been significan tly
affected by the addition of the asser tion directiv e capabili ties.

H. Flow Chart Diagrams
This section includes detailed programming flow charts for each of the
modules that was added to the JAV S system . Also inc luded is the f low
chart for PRB DI R, the only procedure with major flow modifications.
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I. Program Constan ts
Modified constants:

NJDIR (in LOOK) - changed from 11 to 16
This constan t indicates the number of directives that ar~
recognized by JAyS .

Table LI (in LOOK)
Added entrit~s to items JAVSDR and JAVSLN for each of thi~ new

directives.

~~-w c o n s t a n t s :
MAXSTC K (in PRBCHA IN , PRBLOOP and common ASSERT) = 10

The size of the assertion stack - indicates the maximum
level of n e s t i n g  of a s s e r t i o n s

J. Program Variables
ASSERT - Common area in JAVS-5 component

DCLASSCNT - Indicates whether or not ASSCNT has been declared yet
CSTKPTR - Points to current record on the top of assertion command

stack
Table CMDSTK - Assertion Command Stack

VARNAME (Hollerith 24) - Index variable name
LENNAI1E - Length of string in VARNANE
NEXTVAL (Hollerith 48) - Arithmetic expression for next

index value
LENNEXT - Length of string in NEXTVAL
EXIT (Hollerith 48) - Exi t condition from assertion loop
LENEXIT - Length of string in EXIT
LABEL (Hollerith 6) - Generated label put at the head of JOVIAL

code for assertion loop
LENLABL - Length of string in LABEL
ELABEL (Holler i th  6) - Generated label put at the termination

of JOVIAL code for assertion loop
LENELBL - Length of string in E LAB EL
MI NCNT (Hol ler i th  24) - Minimum of record C~ JNT rang e
LENMIN - Length of string in M1NCNT
MAXCNT (Hollerith 24)  - Maximum of record COUNT range
LENNAX - Length of string in MAXCNT

PRB CHAIN (MODU LE , STMT) - Procedure in JAVS-5 component
ASSLEN - Holds the length of the string in ASSTXT
ASSTXT - String buffer used used for strings that are built from

entries in the current statement block
FRc~4 

- Marks a position in the current SB.
Usuall y used for an opening parenthesis

KEYWRD - Marks a position in the current SE.
Used for  marking variou s keyword s

MIDL - Marks a position in the current SB.
U s u a l l y  used for  the range opera tor

MODULE - Number of the currentl y ac tive module
STMT - Number of the current statement
TO - Marks a position in the current SB.

Usual l y used for the closing parenthesis
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TNPTXT - Used as a temporary string buffer when calling routin s
JUSTRT arid LASTCH to determi ne the length of the string
in ASSTXT

TXTPT R - runtains the character count for the statement being
built in TXTBUF

PRBCHKL (MODU LE , CHARS , LENGTH = NEW ’LENGTH) - Procedure in JAVS-5
component

CHARS - Leng th of string to be added to TXTBUF
LENGTH - Length of c u r r e n t  s t r i n g  in TXTBUF
MODULE - Number of the cu r r en t l y ac t ive  module
NEW ’LENCTH - Length of the string in TXTBUF at termination of

PRB CHKL

PRBDCL - Procedure in JAVS-5 component
No local var iables

PRBEND C (MODULE , STMT) - Procedure in JAVS-5 component
ASSLEN - Holds the leng th of the string in ASSTXT
ASSTX T — String buffer used for strings that are built from entrii~s

in the current statement block
MODULE - Number of the currently active module
STMT - Number of the current statement
TXTPTR - Contains the charac count for the statement being

• b u i l t  in TXTBUF

PRB LBL (ST~’ff, NO = LABEL) - Procedure in JAVS-5 component
LABEL - Str ing  b u f f e r  ( l eng th  = 6) for newly generated label
NO - One digi t used as th e six th charac ter of the label
STMT - Number of the current statement

PRBLOOP (MODU LE , STMT) - Procedure in JAVS-5 component
ASSLE N - Molds the length of the string in ASSTXT
ASSTXT - St r ing  b u f f e r  used fo r  s t r i n g s  tha t  are

built from entries in the current stat~ i~1e~it block
FROM - Marks a position in the current SB.

Usually used for an opening parenthesis
KEYWRD - Marks a position in the current SB.

Used for marking various keyword s
MI.)L - Marks a position in the current SB.

Usually used for the range operator
MODULE - Number of the currently active module
STNT - Number of the current statement
TO - Marks a position in the current SB.

Usual l y used for the closing parenthesis
TXTPTR - Contains the character count for the

statement being built in TXTBtJF
VARLEN - Holds the length  of the string in VARTXT
VARTXT - S tring buffe r that is used to save the

var iable  name t h a t  is e x t r a c t e d  f rom the a s s e r t i o n

PRBVALUE (MODULE, STMT) - Procedure in JAVS-5 component -
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ASSLEN - Holds the length of the string in ASSTXT
ASSTXT - String buffer used for strings that are

bu ii.t from entries in the current statement block
FROM - Marks a position in the current SB.

U s u a l l y  used for  an opening parenthesis
MIDL - Marks a position in the current SB.

Usually used for the range operator
MODULE - Number of the currentl y active module
RPAREN - Marks the position of the right

parenthesis surrounding the list of values
in the assertion

STMT - Number of the current statement
TO - Marks a position in the current SB.

Usually used for the closing parenthesis
TXTPTR - Contains the cha racter count for the

statement being built in TXTBUF
VARLEN - Holds the length of the string in VARTX T
VARTXT - String buffer that is used to save the

variable name that is extracted from the assertion

K. Inputs
All inputs are in the same form as before . All iaputs that were pre-
viousl y recognized are still valid . The effect of this modification has
been to expand the set of directives that JAVS would accept as input.
The new JAVS directives that are acceptable as input have syntaxes as
defined below :

“.CHAIN (~ variable name)) INIT ((arith . expr.)) NEXT
((ar ith . expr.)) END ((boolean expr.)) [EMPTY
((boolean expr.))~ [BODNDS ((range)Y~ [COUNT
((range)) ~

“

“.ENDCHAIN”

“ .ENDLOOP”

“.LOOP ((variab le name)) ((range)) [EMPTY ((boolean expr.))~~”

“.VALUE ((variable name)) [Nc1r~ ((list of values and/or ranges))”

L. Output
All  outpu t gene rated b y the addi t ions  to JAVS take s the form of t ha t
which is generated by the unmodified version of JAyS . Like the origi-
nal JAyS computational directives , each new assertion directive causes
the generation of JOVIAL code which is inserted into the probed text .
All error diagnostics are output using the standard ERROR procedure so
their form is also consistent with that of the error messages of the
unmodifi ed JAVS .

M. E r r o r  Messages
ASSERTI ON STACK OVERF L~M

There is an overflow condition on the assertion command stack . The
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number of nested LOOP and CHAIN directives exceeds the permissable
limit. This limit is defined as M~.XCSTK (=10) in procedu res
PRBCHAIN and PRBLOOP and in common ASSERT. Error detected in pro-
cedure PRECHAIN or PRBLOOP.

ASSERTION STACK UNDERFL ~~
The re is an underflow condition on the assertion command stack .
For the ENDLOOP or ENDCHAIN directive being processed , there has
been no matching LOOP or CHAIN directive . Error detected in pro-
cedure PRBENDC.

• CHA iN ASSERTION ERROR - NO END FIELD
No END field specified for a CHAIN assertion directive . Error
detected in procedure PRBCHAIN.

CHAIN ASSERTION ERROR - NO INIT FIELD
No INIT field specified for a CHAIN assertion directive . Error
s1~-~~ected in procedure PRB CHAIN .

GRAIN ASSERTION ERROR - NO NEXT FIELD
No NEXT field specified for a CHAIN assertion directive . Error
det ected in procedure PRBCHAIN.

N~ Operat ing  I n s t r u c t i o n s
There are no new special operating instructions to go with these modifi-
cations .
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APPENDIX IV

JAVS Modification Listings

This section contains the partial compilation listings for the modified
version of JAVS. JAVS is a large system which contains several hundred
differen t modules . It is therefore impossible to include here the listings

— for each of those modules . What is included are listings for every new pro-
cedure and every procedure that was modified . The listing of the compool
tha t con tains the added common ar ea is also included . For a de scription of
the other modules in the sys tem, refer to [17].
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APPENDIX V

This section contains the output listings from an example run of the modi-
fied JAyS . The example was designed to illustrate the use of our new
assertion constructs and the use of JAVS as a preprocessor for those con-
struc ts. The program does nothing and in fact contains only one execu table
statement. (If there are no executable statements , JAVS ignores the module
entirely.) The logical data structure that the assertions are being
app lied to is a two-dimensiona l array of records. More specificall y ,  i t is
a sequential list of linked lists of records. Thus , to access each reco rd ,
a CHAIN loop is nested within a LOOP loop . Within the inner loop, the
VALUE and NOT VALUE assertions are each demon~ trated . For illustrative pur-
poses , all the possible optional clauses are used with each of the direc-
tives.

The first job activity is the JAVS basic source analysis during which the
JAVS library for this particular program is built. In the next activity,
JAVS is run again to generate the probed text from the original source and
the directives . The third activity is a compool compilation that is neces- - -

sary for compilation of the instrumentcd source code. The last activity
demonstrates the compilation of the probed text .
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